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Introduction 

The future  use of -1 as a source of conventional t ransportat ion fue l  w i l l  depend on 
the  developtrent of an econanical and energy e f f i c i e n t  liquefaction praess. 
Technologies tha t  have been m r c i a l l y  proven or t h a t  are close to 
c m r c i a l i z a t i o n  include the fixed- and fluidized-bed Fischer-Tropsch (FT) 
synthesis, mthanol synthesis (fixed-bed a d  slurry-phase) and the Mobi l  
methanol-togasoline process. 
synthesis  produces the  widest slate of products and has been i n  -ration for  t h e  
longest period. 

The ET r a c t i o n  prduces  hydrocarbons with a broad spectrum of m l e c u l a r  weights 
ranging from methane t o  paraff in  waxes. 
s igni f icant ly  limits the m x i m  yield of t ransportat ion fue l  f rac t ion  a d  creates 
the  need for fur ther  damstream processing such as hydraracking and l i g h t  o le f in  
ol igarer izat ion t o  increase such yields. 
control led mainly by ca ta lys t  composition and process renditions. 
inprove the econanics of the FT process, a ca ta lys t  s h l d  display high a c t i v i t y  and 
minimize the f-tion of both l i g h t  hydrocarbons (C -C 1 and waxes (C 4+), while 
producing the bulk of the p r d u c t  f ract ion i n  either1& gasoline (C or diesel 
(C -C 
co%ro&d by m n i w l a t i n g  process c a d i t i o n s .  Since the ET react ion is exothermic, 
control of the reaction heat plays a m j o r  role i n  m t r o l l i n g  product se lec t iv i ty .  
The slurry-phase process of fe rs  the best mans of heat t ransfer  a d  tenperature 
oontrol and has been shawn to inprove l iqu id  p r d u c t  se lec t iv i ty  mainly by l a e r i n g  
t h e  l i g h t  gas y ie ld(1) .  
limited t o  only a few studies  and s igni f icant  differences have been reported i n  
y ie lds ,  ca ta lys t  l i f e  and ease of o+ationCl-4). bbre research is needed t o  f u l l y  
determine the potent ia l  of slurry-phase ET processing, and we w i l l  describe cur 
e f f o r t s  i n  developing new slurry-phase FT catalyst systems. 

uder an earlier contract with the Department of Energy, Air Products and Chemicals, 
Inc. developed several new slurry-phase ET ca ta lys t s  that enhanced s e l e c t i v i t y  to 
l iqu id  fuel products(5). 
c l u s t e r s  d i f i e d  by pramters .  
system, Air Products has bqun a program to  thoroughly invest igate  t h e  preparation, 
character izat ion am3 perfornance of mtal carbonyl cluster-based ca ta lys t s  f o r  use i n  
s l u r r y  phase ET technology. 
increasing ca ta lys t  ac t iv i ty ,  inproving p r d u c t  se lec t iv i ty  for  l iqu id  fuels ,  
reducing the y ie ld  of mthane, developing ca ta lys t  systems ac t ive  a t  high co/H 
ratios and incorporating uater-gas shift ac t iv i ty .  
d i n a t i o n  of tests i n  s t i r r e d  and fixed-bed reactors. 
characterized by surface techniques and bulk analyses. 

Of these technologies, the Fischer-Tropsch hydrozarbon 

This broad p r d u c t  d i s t r ibu t ion  

Research has sharn that  s e l e c t i v i t y  is 
I n  order to 

) ranges. Product se lec t iv i ty ,  &er, has been mre su&sf&y 

The anDunt of d a t a  f r a n  slurry-phase operation, haever, is 

One group of catalysts included supported mtal carbonyl 
To fur ther  develop and inprove these ca ta lys t  

(xlr merall cbjezt ives  focused predaninately on 

Catalysts were evaluated b# a 
I n  addition, c a t a l y s t s  were 

Experimental 

Catalyst  Preparation: Catalyst precursors and supports were plrchased fran 
m c i a l  sou~%es. 
5OO0C for  3 hr i n  a i r :  y -azo3 ( C a w @  SB, 217 rn /g), Si02 (Davison 952, 339 

The follcwing supports were usp a f t e r  a calcining treatment a t  
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2 d / g ) ,  kQO.3.6 Si02 (Florisilm, 298 mz/g) and ?io2 (L)epssa P 2 5 ,  50 m /g). 
ca ta lys t s  and p r w s o r s  were protected f r a n  air and m l s t u r e  using standard Schlenk 
techniques(6) and a Vacuum Atnuspheres d q  box. A l l  solvents here reagent grde and 
d i s t i l l e d  f r a n  S o a i m  benzcphenone ke ty l  i n  a nitrogen atmsphere. 
t o  use, the s u p p r t s  w x e  fur ther  dr ied i n  vacuo at  llOoc for  1-2 hr. 
prepared by irrprqmtion ( to  incipient  wetness) of the  supports with separate  
solut ions containing the p r c m t e r  and mztal carbonyl. Several prmters =e 
evaluated, w i t h  one being p a r t i c d a r l y  effect ive.  All ca ta lys t s  disxssad i n  llhi-; 
r a p r t  d e  lise of t h i s  p r a t e r  (desigmted "Pram"). This mthcd wzs u s d  for the  
f o l l w i n g  ca ta lys t s  that were prepxed f r a n  m t a l  carbonyls: 

The 

Irrmediately prior 
Catalysts  =e 

3.8% co/6*8% Ran on A1203 
0 2.8% Ru/4.9% Pran on A120 
0 4.7 co on ~ 1 ~ 0 ~  (no pr-ger) 

5.1% Co/4.4% Prom on M203 
0 4.0% Co/6.4% Pran on AI. 0 
0 10.86 Co/8.5% Pram on A!? d 
0 3.5% C0/6.6% Prom on Si02 
0 3.7% Co/7.2% Prun on kQ0'3.6 Si02 
0 3.5% Coon Ti02 (no praro ter )  

basecase catalysts 

Two catalysts w e  also prepared using CO(N0 ) as t h e  cobalt swrce. The mthd was 
s l i g h t l y  d i f i e d ,  i n  that a f t e r  addition 0f3 t ie  promoter and r-a1 of the  solvent, 
the mterial was e x p s e d  t o  air. 
impregnate the s J p p r t ,  the mterial was dr ied  a t  110°C and ca?cined a t  300°C i n  air 
f o r  5-6 hr.  

An aqueous solution of Co(Ex3 )2 was then us& t o  

The two ca ta lys t s  and t h e i r  analyses are as follows: 

4.2% Co/7.1% R a n o n  Y-A1203 
0 4.6% Co/7.5% Pran on Si02 

G a s  Phase Tests: 
screen ca ta lys t  ac t iv i ty .  
no1 of syngas converte3/kg of catalyst/hr m e  selected for further slurry-phase 
tes t ing.  

The gas phase reactor was a fixed-bed, 316 SS tubular unit with d d l w  
configuration a d  10 cc bed volume. All gas-phase tests used a co/H f e d  ratio of 1 
a t  300 ps ig  and nearly all -e conducted a t  1000 GHSV (v/v). Ten&ature was varied 
i n  the range of 220 t o  28OoC. 
with H2. 

Slurry Phase Tests: 
f o r  s lur ry  tests. 
s l u r r y  phase tests, catalysts were ac t iva te3  in a separate, 150 cc fixed b d  tubular 
uni t  Using eithsr plre 
deoxygenated paraff in  03 (Fisher to-122) i n  the dry box and t ransferred to the 
slurry autoclave reactor under a N2 blanket. 

Slurry tests w e  performed Continuwsly f o r  up to 21 days, except for  the  test of 
basecase Co on praro te l  alumina, which was run for  55 days. 
2 ,  1.5, and 0.5, with enphis on W r i c h  f d s .  
of c a t a l y s t h r .  
220 t o  28OoC, respectively. 

Because of t h e  amplexi ty  of the Pischer'Propsch prcduct, equi l ibrat ion of t h e  
reactor  and the product collection sys tem,  and a f lex ib le  quant i ta t ive  analysis  
scheme incorporating a l l  products including waxes w e  required to p r d u c e  god 
carbon and hydrcyen mterial balances, which were i n  the range of 95-105%. The 
d e t a i l s  of the analytical am7 data handliny system have ken plbl ished(7) .  The 
mthCd, illustrated SchaMtically i n  Figure 2, consisted of four separate gas 

Prior to slurry-phase tes t ing ,  gas-phase tests w2re d u c t e d  to  
Those ca ta lys t s  with gas-phase a c t i v i t i e s  greater than 20 

For the gas-phase tests, t h e  ca ta lys t  was activated 

Two continuous, stirred, 1 liter autazlave reactors m e  used 

or 20% syngas in.N2. Activated catalyst w a s  s lur r ied  i n  

Figure 1 shows a schematic diagram of one of these uni t s .  For the 

Inlet CO/H2 ratios were 
Space ve loc i t ies  were 1 and 2 W g  

w a t i n g  pressures and temperatures ranged f r a n  300 t o  600 p i g  and 
The so l ids  content of the slurry was 15 t o  25 wt%. 
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chr-tographs linked via a Perkin-Ehr Sigrna 15 ccmputing integrator/controller to 
a Tektronix 4052 microconputer e q u i e  with a 1.9-megabyte disk systan. 

Catalyst Characterization: 
arm IReasurenents, mcury  intrusion prosirretry, helium pycnarrtry, and particle 
size distribution. 
characterized by B.E.T. surface area measurerents and hydrogen chemkwrption. 
loadings were determined in-hmse and at Schwarzkopf Wcroanalytical Laboratories. 
Scnr of the catalysts were also studied using X-ray photoelectron spectrosmpy and 
X-ray diffraction. 

Catalyst supports were characterized by B.E.T. surface 

Freshly prepard catalysts and redacd r2talysts were 
ktal 

R e s u l t s  and Discussion 

The type of activation used for "conVentiOM1" FT catalysts has been shown by several 
researchers to affect performance(8). 
performance of precipitated and fused iron catalysts(9) and idicated that Wre H2 
was preferred. 
for CO(m l 2  on alumina used only H reduction(l0). 
netal car&nyl catalysts has generally been done by therm1 decarpsition urder 
vacuum or inert atnuspliere(l1). 
on supported =tal carbonyls has not been w=ll established, but these gases should 
improve the degree of mtal reduction since the rnetals are initially oxidized by the 
support . 
Our study of activation conditions canpared pre H2 activation with syngas (co/H2 = 
1) activation using the 4% CO on prmted alumina catalyst. 
significantly inproved both activity and liquid fuel selectivity in the slurry tests. 
Figure 3 canpares syngas conversion following both types of activation as a function 
of tenperature and space velocity. At carparable reaction conditions, H2 activation 
converted 30 to 40% m e  syngas in the 220 to 260°C range, but at 28OoC, the 
difference was less. For HZ-activated catalyst at lawer space velcrity, the syngas 
conversion appeared to be independent of tmperature between 240 and 28OoC. 

Table 1 shaws that H activation increased the C 
percent, from 57 to 51 w t %  and decreased both 
increased activity prcbbly resulted fran a higher degree of Co reduction but the 
reason for the enhanced liquid fuel selectivity is less clear. 
reduction and mtal pqticle sizes which both depend on activition conditions 
together affect chain-grmth prcbability. 
catalysts fran different activation procedures for these two properties. 
mjor cbjective of OUT research was to study the use of mtal carbonyls as catalyst 

Table 1. Effect of syngas vs. hydrqen activation on hydrocarbon selectivity. 

Dry detailed the effects of activation on the 

Another recent study of catalyst perfomnce vs. degree of reluction 
The activation of supported 

The effect of reducing gases such as H2 and syngas 

Hydrogen activation 

selectivity by 25 relative 
and WBX selectivity. The 

Perhaps the degree of 

Ibever, we did not examine or catpre the 
Since a 

4% Co ON PROMOTED - A1203 

SYNGLS H l  

SPACE VELOCIlT. N L l o  ealrhr. 1.8 1.0 
win1 1.6 1.5 
PRESSURE. pBm aoo a00 

TEUPERATYRE. .C 250 158 

11.5 
10.4 
20.1 
15.1 
11.5 
21.1 

1.1 
10.8 
a6.i 
l?J 
I.# 

11.4 

c5.13 51.0 70.8 

precursors, a muparison to conventionally prepared catalysts v a s  "ecessary. 
was done by examining catalysts prepard fran &t nitrate using the s a n ~  m p r t  
and prmter as the c d d t  carbonyl-based catalysts. 
the two catalysts in the slurry-e reactor are canpared in Table 2. 

This 

The activity and sel-lectivity of 
Both 
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catalysts had similar c d d t  and prarpter loadings. Again, perfomce differences 
ere larger at l c w  temperatures. 
was mre than twice that of the nitrate catalyst, while specific activity was three 
times higher. 
catalyst in both bulk activity (29% increase) and specific activity (52% increase). 
 he Wbonyl-prepared catalyst also provided better liquid fuel selectivity at both 
t-atures, prcducing less Ethane bct mre light hydrocarbons (C274). The major 
difference was in the production of heavier hydrmarbons, with the nltrate4srivtd 
catalyst giving significantly higher C + selectivity. 
related to mtal particle sizes and m?8 is in progress t-d characterizing and 
conparing these catalysts. 

Table 2. Effect of Co source on activity and selectivity. 

At 240'C, bulk activity of the carbonyl catalyst 

At 260DC, the carbonyl catalyst still atperfond the nitrate 

These differences are  likely 

4% CO ON PROMOTED Alp 0 3  
( C O / H 2  = 1.0, 2.0 NLlh1.g cat. 300 pslg) - Z i E  

BULK ACTIVITY. 
mOlSVNGASIha callhl  35.3 38.5 15.8 20.0 
SPECIFIC ACTIVITY. 

0.09 0.21 mol COlmolCDlmln 0.29 0.32 

SELECTIVIN. WT% 
7.9 10.4 (0.9 16.5 
(3.7 15.0 5.5 11.1 c2 .4  

c 5 - 1 1  a7.0 14.5 12.0 16.6 
Cl2.18 23.b 25.8 10.8 23.8 
C W . ~ J  a.0 2.0 21.0 10.6 

TOTAL FUELS Cg.23 60.3 72.3 S4.6 60.0 

- 
= I  

c2b+ 0.1 2.3 28.0 11.5 

Several other parameters were M n e d  using the carhnyl-based catalysts. The 
effect of cobalt to prcrroter ratio on activity was examined with alumina-supported 
catalysts. Figure 4 plots specific activity vs. cc&lt/pramter ratio for 
slurry-phase tests at similar reaction conditions and different activation 
procedures. 
specific activity as the Co/pramter ratio increased. 
R2-activated catalyst, haever, was independent of this ratio. 
explanation involves the interaction of &lt with the suert and its subsequent 
reducibility. 
strongly with the support a d  beccnres mre difficult to reduce. 
reducibility is,especially evident when the catalyst is activated with syngas; the 
cobalt is not ifficiently reduced, resulting in Lower activity. Hydrogen, on the 
other h a d ,  provides sufficient reducing pcw to activate ocbalt that is mre 
strongly associated with the support. 

The effect of c a t  loading on bulk activity of the &t carbonyl-pramted alumina 
catalyst was examined in the slurry reactor at 240 and 26OoC (Figure 5 ) .  
loading gave lower bulk activities at both terrperatures. 
the higher cobalt loading also had a higher =tal dispersion, these results agree 
with the general trend of increasing activity with decreasing dispersion reported in 
the literature. 

The type of support also had a major influence on catalyst activity, as shown in 
Figure 6. These catalysts all had similar cobalt and prcrnoter loadings, except for 
the TiO2-su~rted catalyst, which had no pramter . The silica-supported catalyst 
was approximately twice as active as all the others. T h i s  m y  be due to the low 
reactivity between M t  carbonyl and silica as opposed to the high reactivity of 
the other supports trmards mtal carbonyls. A surface area effect is being checked 
by using a 1- surface area silica. 

We also studied the effects of operating paraters such as tenperaturs and CO/H 
feed ratio on catalyst performance. 
increased the bulk activity of both M203- and ~io~-Supported CO catalysts, as sham 

Catalyst that had undergone syngas activation shmd a decrease in 
The specific activity Of the 

One possible 

As the amxlnt of pramter decreases, the cc&lt interacts m e  
T h i s  decreased 

Higher 
Since the catalyst having 

AS expzted, increasing the reaction tanper3ture 
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i n  Figure 7. The Si02-sumrted ca ta lys t  ac t iv i ty  was independent of tenperature at  
240°C and 26OoC, but increased a t  280°C. The ac t iv i ty  of the A1203-supported 
Catalyst began to  leve l  off a t  higher tgnperatures. 

The ratio of carken m o x i d e  to hydrogen i n  the fe& strongly affected ca t a lys t  
ac t iv i ty ,  as shown i n  Figure 8 f o r  p r m t d  cobalt on silica. 
best with %-rich feed: when the  feed was s to ich iane t r ic  with respect to  hydrocarbon 
( -Q i2 - )  f o m t i o n  (CO/H2 7 0 . 5 ) ,  t he  syngas converison was highest at  60%. 
Conversion drcppd d r a m t i c a l l y  t o  only 25% d en the CO/H2 ratio was increased t o  
1.5. 

This poor perfonrance w i t h  -rich feeds r e f l ec t s  the lm a c t i v i t y  f o r  the water-gas 
s h i f t  reaction. Figure 9 fur ther  illustrates this by carparing CO/H usa e ratios 
w i t h  feed ratios f o r  the supported 
precipitated iron ca ta lys t ,  all i n  t h e  slurry reactor. The &lt ca ta lys t  showed 
the  pazest CO usage a t  all feed l eve ls ,  usage ratios never exceded 0.60. 
rutheniumcatalyst  offered saw inpxwemnt with a usage ratio n a l y  mtshed  t o  a 

The usage ratio, m e r ,  never inpraved abave 1.0 as the 
feed r a t i o  was increased. The s l igh t  irrproverrwt in  s h i f t  ac t iv i ty  fo r  rdthenium 
correlates w i t h  its &served s h i f t  ac t iv i ty  in  hamgeneas systems(l2). 
ca t a lys t  s k w d  t h e  excellent s h i f t  ac t iv i ty  that  is exhibited by precipitated or 
fused iron ca ta lys t s .  

In  an ef for t  t o  inprove the s h i f t  ac t iv i ty  of the promoted Co on alumina ca ta lys t ,  a 
canwrc ia l ly  available,  lcw tanperature s h i f t  ca ta lys t  (Cu/Zn/Al 0 ) was physically 
mixed with it and tested in  the gas phase reactor. The r e su l t s  &z summrized in  
Table 3 along w i t h  r e su l t s  i n  which no s h i f t  ca t a lys t  was added. The added s h i f t  
catalyst caused a drop i n  a c t i v i t y  w i t h  no indication of enhanced s h i f t  ac t iv i ty .  
There was an increase in oxygenate production, especially of ethanol and higher 
alcohols. A second gas-phase test of the mixed catalysts, this tim using 
preactivated s h i f t  ca t a lys t ,  still gave lcuer ac t iv i ty  than w i t h c u t  s h i f t  catalyst, 
but s h i f t  ac t iv i ty  increased s l igh t ly .  Upon increasing the feed ratio f r an  1.0 t o  
1.9, m e r ,  s h i f t  ac t iv i ty  declined as the usage ratio drcpped to 0.35. 

Table 3. Pddi t im of Cu/Zn/Al water-gas s h i f t  ca ta lys t  t o  Co/RadA1203 m catalyst. 

The ca t a lys t  p e r f o n d  

and ruthenium catalysts, d as, a 

The 

feed ratio of 1.0. 

Neither 

UCOnr#mbn. ~ A c l M l y .  
C.1**.1(” W l M 2  (COIM2) CO + 4 (mol .pgasIkg ulllr) 
mOXF.1 1.0 0.61 as 18.8 

( O X  SHIFT 
*OX F-1  

10X SMlFl 

BASECASE 

mCrmDmONS: 240% SO0 pslg. 1000 OHSV 

+ 

+ 1.0 0.68 4 4  11.6 

(pr..stlv.1.a) I.* 0.16 18 8.6 

r-1 1.0 0.69 I 6  l T . 0  

Another inportant objective of this study was ca ta lys t  characterization and its 
correlation t o  ca ta lys t  performance. X-ray photoeledron spectroswpy (XPS) w a s  used 
to  examine cobalt oxidation states: three spectra are shown in Figure 10. The 1- 
spedrum is that for oxidized Co on pramted Al 0 prepared f r an  Co(ND ) The 
binding energy fo r  Co 2p electrons of 781 eV a&sponds to e s ’ h l i s h d  &lues fo r  
~ ( I I )  and Co(II1). 
the xps data on fresh ca t a lys t  prepared f ran  zerodxidation-state Co (Co) 
data,  shcwn as the middle spectrum. indicates that mst of the cobalg is Gidized  to 
2+ and 3+. 
suggests the presence of a -11 m u n t  of zero valent ccbalt. F ina l ly ,  upon 
ac t iva t ion  i n  p r e  ?$ at  3OO0C, the top spectrum was &+dined, indicating the  
presence of a only oxidized cobalt. 

The strong interaction of cc&lt with alumina was evident f r an  
This 

Only a shoulder corresponding to a birding energy less than 780 eV 

This is further evidence fo r  a strong 
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nretal-support interaction. 
at low loadings, is well established(l0). 
that after H~ reduction at 250"C, alumina-supported Co4(co)12 had only 25% of its 
cobalt as zero valence( 13 1. 

Hydrogen chemisorption was used to determine active cobalt surface area and percent 
dispersion. These results, presated in Table 4, are consistent with the X F 5  data, 
showing only -11 atmunts of metallic cobalt. Hydrogen chemisorption was lm, 
especially at room temperature and low loadings. 
reported by Feuel and Bartholarew(l4) and is possibly due to sare metal support 

Table 4. Catalyst properties. 

That supported cobalt is difficult to reduce, especially 
Hall and coworkers have used XPS to show 

This activated adsorption has been 

B.E.T. Tot.! MI AcW1 Y.1.l S 
O1.h.l Sunac. &re. U19.l. sur(.r. AI.. Olw.naon 

4% C o l R m l A I s O ~  

,o.eu sorrrm,nlo, N.A. 101.1.1 100% 5 . 4  9.7  

IO*rn' lP  S . O r m O , l l S  0.4rn*,P 1.1 
.I a v c  

a . s % c o i h a n i w s  318 11.8 at IOVC a.0 10 

as ~oi(uo,I" ".A IO *.A. 9 1  

I\ CoIAIIOzlll *.. 1.6 N.A. 10 

21% c O l O . S C  lhllThlllA1~O~"l 150.121 (10-200 *.A. N.L 

l l l c . ~  B . ~ ~ O ~ O ~ ~ . - V I O S I  1'1 u s  ~ . t . n t  u i a m .  t ~ p d i i ~ i i i i i i ) .  

interaction. Canparison shows our data are consistent with those of Bartholamew. 
Furtherrrore, a 22% Co/O.5% RW?h/Al 
shmd high H2 chemisorption, pr&; because reduction m s  mre readily as mtal 
loading is increased. 

Finally, we ccmpared the activity of our supported cobalt catalysts with other 
supported cobalt catalysts (see Table 5). All of the data, except one, are fran 
fixed-bed reactors. (hr bulk activities fall near that of the Gulf catalyst, but are 
sawwhat 1- than that of the Shell catalyst. 
obtained at the opthnn H2/m feed ratio of 2.0, at which the other catalysts were 
tested. "urnover frequencies, based on H2 chemisorption data, are quite gccd for cur 

catalyst described in a U.S. Patent to Gulf 

Note though that ox data were not 

catalysts. 

Table 5 .  Catalyst activity canparisons, fixed-bed reactors. 
Tumor., 
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FIGURE 5 
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FIGURE 7 
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